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The data for eighty-eight aromatic reaction series (classified according to six reactivity categories) involving uncharged
m- and p-substituents have been analyzed according to the results of quantitative estimation of resonance effects (R-values).
The results disclose that for neither m- nor p-substituents does there exist a precise quantitative scale of resonance effects
(o—p type relationship) with as wide a scope as for the linear inductive energy relationship, I = o1p;. However, the data
for a selected group of m-substituents do define precise resonance parameters (og™) which apply with remarkable precision
(S = 0.03) and generality to about 909, of the data, A oy scale of the same precision and applicability does not apply for
p-substituents, It is concluded that the R-values which arise as a consequence of inductive transmittal through space or
the Ar-Y o-bond (Y = side chain reaction center) of mesomerically distributed charge are rather widely correlated by pre-
cise o—p type relationships. On the other hand, the R-values which are determined (at least in part) by direct resonance
interaction between the substituent and the side chain reaction center follow sucli relatiouships for only narrow ranges of
reactivity type and reaction conditions. A procedure is recommended for modified use of the Hammett equation in thorough
and precise investigations of the reactivity effects of m- and p-substituents which allows for the identification and study of

specific resonance effects,

In a previous paper, a method was proposed for
the approximately quantitative evaluation of
inductive and resonance contributions to the
effects of uncharged m- and p- substituents on the
reactivities of benzene derivatives.* This method
is based upon the demonstration that the scale
(quantitative ordering) of the substituent induc-
tive contributions to aromatic series reactivities is
to good approximation equal to that for reactivi-
ties in the aliphatic series, The demonstration
was made empirically in terms of the relatively
precise linear inductive energy relationship (1)
I = o1p1, which underlies aromatic reactivities of
all types. Included are reactivities which demand
for correlation by the Hammett equation® all
of the proposed multiple o-values®$’ (o,0% and
o~), as well as some reactivities which do uot
satisfactorily fall into any of these schemes.

In the present paper and in following members of
this series the resonance contributions to aro-
matic series reactivities are reported, their simi-
larities and contrasts noted, and the results are
interpreted in accord with, and are shown to
provide evidence for, principles from resonance
theory. To the extent that this is successful,
evidence is provided for the inspiring basic postu-
late of Hammett, namely, that the standard free
energy change for a series of processes of the type

O+ @rrm DO
X X

(Y represents a side-chain reaction center in a
general reactant of a reaction series and Y’ repre-
sents such a group in either the transition state
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of a rate process or the product state of an equi-
librium) is equal to or is linearly related to the
electronic work of such a reaction.®

The separation of inductive and resonance
effects by our method is based upon two assump-
tions. The primary assumption is that the
substituent effect on the free energy change be-
haves approximately as a sum of an inductive
effect, J, and a resonance effect, R (the sense in
which this separation is proposed is discussed fur-
ther in a later section), <.e.

log (k®™/ky) = I + R™ (2)
log (k®/ke) = I 4+ R® (3)

The subordinate assumption® made to accomplish
the separation is the apparently less accurate ap-
proximation that in a given reaction series the
ratio of the R-value for the meta relative to that of
the corresponding p- substituent is a constant,
a, ie,

¢ = R®/Rp (4)

The factor, ¢, may be considered a resonance
effect fall-off factor between the m- and p-positions
(¢f. conclusion section), Taft and Lewis have sug-
gested that very generally o =¢ 0.33 but that in re-
activities in which there is a strong change in con-
jugation during the reaction process between a p-
substituent and the first atom of the side-chain, a
reduced value of « must be used (~0.10) because of
the enhanced resonance effect (RP) for the p-sub-
stituent.*

Roberts and Jaffél® have made a statistical
examination of the fit of available data (excluding
distinct nucleophilic and electrophilic reactivities)
to the equation (obtained from equations 1-4)

(8) Reference 5, p. 123.

(9) A third assumption is also made, namely, that I™ 2¢ IP (for evi-
dence on this point ¢f. J. D. Roberts, R. A, Clement and J. J. Drysdale,
TH1S JoURNAL, 78, 2182 (1951); R. W, Taft, Jr., ibid., 79, 1045 (1957);
and B, M. Wepster, ¢f al., Rec, trav, chim., 77, 509 (1958), and earlier
references cited there. In unpublished work we have found that the
introduction of a constant, v = I®/IP = p1™/p1P, having values
differing from unity does not significantly improve the agreement be-
tween aliphatic and aromatic ¢j-values, or between aromatic oy-
values derived from various reactivities. Infact, if v differs from unity
beyond =209, a significant decrease in the precision of the linear in-
ductive energy relationship results.

(10) J. L. Roberts and . H. Jafié, THis JoUrNAL, 81, 1635 (1839).
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TABLE I
CoMPARISON OF TyPICAL AROMATIC AND ALIPHATIC o1-VALURS
o1 N.m.r. Source* gin ap

. Aliphatic  spectra (from McDaniel

Subst. series m-XCsHsFY A 13 AS Al Aly B.11 F.2 .1 and Browni?}
CH; -0.05 —=0.09 —0.03 =208 —=0.08 —-0.09 —-0.05 —=-0.03 —-0.06 —-0.03 =0.07 =0.17
NH., + .10 + .11 + 12 - 04 -- 12 — 1 = .66
CsH, — W0 418t v 409 + .9 -~ .06 + .ul
OH + .25 4+ .23 + .27 4 24+ .32 . B 4+ .12 =37
OCH; + .25 4+ .26 4+ 2 4+ .28 4+ 280 4 .23 + .23 4+ .12 = .27
NHCOCH; + .28 + .25 + .30 .. + .21 =+ .00
CH,;CO + .28 4 .26 + .32 - .28 + .39 + .31
CF; + .41 4 .43 - .38 . + .43 + .54
Br + 45 4+ 44 4+ 45 + 51 4+ 45 4+ .50 + .42 + .43 4+ .39 4 .23
Cl + .47 4 .43 + .48 + 52 4+ 42 4 50 + 47 + .30 + .48 + .43 + .37 + .23
F + .52 4 .38 4+ 48 + 52 4+ .45 4+ .52 4+ 490 .. . + .34 + .06
CN + .58 + .58 4+ 56 + .49 4- .52 + .56 + .63 = .56 4 .66
NO: + .83 + .63%° + 68 4+ .68 + .68 + .62 + .65 . + .71 4 .78
a D8 46 .29 653 .33 .33 a0 30
p1 +2.24 +1.32 +1.00 418 +1.20 -+1.90 — .80 — .70

¢ A\'.umbers refer to reaction series as listed in T'able I1.
equation dpets = 0.61 ¢y —0.05.
G. Marino, THIS JOURNAL, 80, 2270 (1958).

log (k=/k) = alog (kP/k) + (1 — a)oipn (5)

wherein « and p; are reaction constants. These
investigators find generally highly precise fits
with significant improvement in fit using values of
« which vary somewhat from reaction series to
reaction series. On this basis, the great predom-
inance of reaction series were found to give values
of « from 0.2 to 0.6 with the mean lving in the
region of 0.4,

The separation of / and R is made using the
appropriate value of « (obtained by using the
fixed values of !/; or !/yy or by the method of
Jailé, equation 5)

from (2) and (4), log (k~/k)) = I 4+ «R?

from (3) « log (k?/k¢) = ol + aRP

Therefore(6) I = (ﬁ) [log (B2 /ky) — alog (EP/ko)]

An J-value can thus be obtained by equation 6 for
each substituent if rate or equilibrium data are
available for both the m- and p-positions. I-
values are then fitted by equation 1, I = o1 p1,
and the value of the inductive reaction constant,
o1, is obtained. In many (but not all) instances,
the value of pI is equivalent to the p-value ob-
tained for m-substituents by the Hammett equation
(cf. last section of this paper for further discussion
of this point).

The generality and the precision of fit of equa-
tion 1 appear to justify to useful approximation
the general applicability of the o1 scale of inductive
effects. For purposes of comparison with the
resonance effects to be considered in this paper,
it 1s useful to demonstrate the precision of the
linear inductive energy relationship by a compari-
son of '‘¢r’" values. In Table I are collected
some f(ypical “‘aromatic” o1-values for comparison
with the aliphatic o¢r-values® (gy aliphatic”
0.45 o*xcn,). The former are obtained for each
reaction series by dividing the I-values obtained
by equation 6 by the reaction constant, p1. The
values of @ and pr used to obtain the oi-values
for each reaction series are also listed. The

¢ Cf. ref. 11 of text;
¢ pK,, cata and epi-4-cliloroquinoliniun ions, H:0, 25°, E. Baciocchi, G. Illuminati and
¢ Based upon 8%, values given by Gutowsky, et al., ¢f. ref. 11.

o1-values are calculated from the correlation

significatnice of the a-factor is considered in detail
in a subsequent paper. Also shown in Table I
are aromatic oi-values obtained divectly (o1
(6m” 4+ 0.05)/0.61) from the shielding effects
(chemical shifts) of m-substituents in the n.m.r.
spectra of fluorobenzenes in dilute carbon tetra-
chloride solution.!! The average deviation of the
aromatic and aliphatic or-values of Table I is
=0.03 unit and the deviations are roughly randon.
Individual deviations rarely exceed = 0.0% unit.

It cannot be claimed, of course, that the quan-
titative ordering of inductive effects is precisely
independent of reaction type or conditions. The
remarkable scope of this approximation, however,
is well illustrated by the oi1-values of Table I.
It is worthy of note that the o1-values of Table I
cover the complete range in solvent variation from
water to hydroxylic organic solvents to the non-
hyvdroxylic solvents, dioxane, CCl, and benzene.!?
The scope of the linear free energy relationship
1s further illustrated by the linear relationship
between ‘‘aliphatic”’ o;-values and tlie inductive
constants, 7, which Branch and Calvin® derived
from the acidities of X-OH compounds in water,
25° (o1 = 0.059I; S = £0.03).

In considering the significance of the agreenient
illustrated by Table I it is essential to bear in
mind that the o¢1-parameters are unique to aro-
matic series reactivities in the following sense.
It can be stated unequivocally that in no known

(11) R. W, Taft, Jr., 8. Ehrenson, I. C. Lewis aml R. IX. Glick. Tuis
JourNarL, 81, 5352 (1450).

(12) A measurable variation of the ¢y-value for the OCHs greup ap-
parently occurs between acueous solution and non-aqueous media.!?
Both the ionization of methoxyacetic acid!3® and ¢f methoxyvammon-
ium ions!d® in water give o1 +0.29, whereas ¢; = -+0.235 holds for
non-hydroxylic media and for most mixed agueous organic solvents, 14

(13) (a) H. K. Hall, Jr., Turs Jour~ar, 79, 5441 (1957); (b) E. J.
King, abstracts of Papers, Am. Chem, Soc. Meeting. New York. Sept..
1957, p. 485.

(14) R. W. Taft, Jr., in M. 8. Newman, " Steric Effects in Organic
Chemistry,” John Wiley and Sons, Inc., New York, N. Y., 1956, Chap-
ter 13.

{15 &
Cliemistry.” Prentice-ITadl, Ine, New York, NV,

B. K. Branch and M. Calvin, “'Tle Theory of Organic
19T, o, 205 -245.



Oct. 20, 1959

reaction series are the log (k/k;) values for a
variety of m- or p-substituents correlated by
or-values (alone) with anything like the precision
of equation 1 (¢f., for example, Figs. 3 and 4 of
reference 2). Thus I-values are derived from
quantities which are related to structure in a man-
ner distinctly different from that for the o1-
parameters. Individual (but not general) ex-
ceptions to this statement are known. Taft and
Evans have shown that complete steric inhibition
of the resonance interactions of p-N(CHj)s;, OCH;
and NO, groups give Hammett o-values for such
groups which are equal to their aliphatic or-val-
ues.’® Table I includes a comparison of corre-
sponding 1,072 and ¢™¢t* values as a means of
illustrating the unique character of the or-param-
eters (note, in the above connection, the approxi-
mate relationship o1 =¢ ¢™ which is obeyed for sev-
eral substituents). The o-values are taken from
the recent compilations of McDaniel and Brown?
(based solely upon the ionization comnstants for
‘AI'C02H, Hzo, 250).

The R-values for a substituent may be obtained
from the rearranged forms of equations 2 and 3,
i.e.

R2 = log (k»/ky) — I = log (k2/ky) — o1p1 (2°)

Rr = log (k*/ky) — I = log (k*/k¢) — orp1 (3")
In view of the demonstrated applicability of ali-
phatic g1-values, we believe that the most generally
satisfactory method of obtaining R-values is
through the identification of I with ¢1pr (as indi-
cated in equations 2’ and 8’). This procedure to
considerable extent negates the question of a pre-
cisely fixed «-value for each reaction series. Er-
rors introduced in the /-values calculated by equa-
tion 6 by the inappropriate assumption of a partic-
ular a-value (say !/; rather than !/,, for example)
are likely to appear as essentially random scatter
in a plot of I vs. o1, and thus, if a sufficient variety
of substituents is involved, the least squares re-
gression line of this plot will nonetheless give a reli-
able value of p1.  With this value, the R-values may
be evaluated by equations 2’ and 3’. At least some
part of the deviations between the ‘‘aromatic” and
aliphatic o1-values of Table I (and in general of de-
viations from the I = ¢1p1 relationship which ex-
ceed the precision measures indicated for Table I),
we believe are due to errors introduced by the as-
sumption of a fixed value of a.

In the comparison of R-values it is useful to define
an “‘effective” (or specific) resonance parameter as
or = R/p1. The utility of this definition results
from the fact that deviations from the Hammett
equation which result from a specific dependence of
resonance effects on reaction type and conditions
are immediately detected by the deviation of the
given value of ¢r from the normal value. That is,
reactivities which follow the Hammett equation
with relatively high precision must yield closely
identical sr-values and the sum oy + &r should give
the Hammett o-value, Itis worthy of note that by
this procedure sx is obtained by assuming (for pur-
poses of comparison but otherwise without com-

(16) R. W. Taft, Jr., and H. D, Bvans, J. Chem. Phys., 27, 1427
(1957).

(17) D. H. McDaniel and H. C. Brown, J. Org. Chem., 33, 420
{1958).
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plete justification) the relationship log (k/ky) =
p1(or + ar) = “p&”’. The expression for obtaining
the resonance parameter directly is accordingly &r
= (log (k/ko)/p1) ~ o1.

The present paper is concerned principally with
the evidence bearing on the question of the gener-
ality of a commonly followed precise scale of reso-
nance effects in aromatic series reactivities. Subse-
quent papers deal with the discussion of specific
examples of the dependence of resonance effects on
reaction type and experimental conditions.

Results

It is first necessary to consider the nature of the
separation proposed by Taft and Lewis. Reso-
nance theory clearly anticipates that mesomeric or
resonance interactions will generally be accompan-
ied by codperative and intrinsically associated in-
ductive interactions.!’® Thus specific inductive
effects on reactivity which are inherently associated
with specific resonance effects of substituents are
expected. Yet or-values from aromatic series re-
activities are to good approximation equal to those
from saturated aliphatic systems (¢f. Table I) in
which resonance interactions are presumably not
possible. The clue as to the nature of the ] + R
separation is thus clearly apparent.

The I-values represent that part of the total in-
ductive effect contribution to log (k/k;) values
which is due to inductive interaction through o-
and 7-bonds (ionic resonance of bonds) and through
space (field effects) for the Aypothetical m- or p-sub-
stituted benzene derivative which involves no con-
jugation (resonance interaction) between the sub-
stituent and the benzene ring. Although the I-
values thus appear to relate to hypothetical mole-
cules, these values are nonetheless obtainable from
experimental values of log (k/k) by virtue of the
approximate relationship R?P/R™ = « as indicated
in equation 6. The I-values according to this line
of reasoning do not include any of the inductive ef-
fects which may arise as a consequence of meso-
meric interaction—such terms are included in the R-
values. In other words, R-values are measures of
the total effect on reactivity resulting from the
existence of resonance interaction. If additional
interactions other than resonance interactions con-
tribute to the observed reactivities, these too will
be included in the R-values. The observation of
Taft and Evans that complete steric inhibition of
resonance interaction of a p-substituent results in
observed log (k?/k,) values which equal o1p1 is con-
sistent with and provides important evidence for
this conclusion. ¢

The sense in which Taft and Lewis propose sep-
aration of log (k/k,) values to /- and R-values bears
something of an analogy to the scheme of Pauling
for separation of the observed energy of a bond to
the sum of that for the normal covalent bond (the
energy of the hypothetical bond with no ionic char-
acter) and an extra ionic bond resonance energy.!?

Data for eighty-eight reaction series (listed in
Table IT) which involve relatively large and as div-
erse substituent effects as are available and, for

(18) Cf. R, S. Mulliken, Teirahedron, §, 253 (1959).
(18) L. Pauling, "’ Nature of the Chemical Bond,” Cornell Univer-
sity Press, Ithaca, N, V,, 1844, p. 47.
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TABLE II
SUMMARY oF REAcTiONS®
@ P Ref.b
A. Benzoic reactivities
A.l. E. Ionization ArCO.H, H;O, 25° 0.29 (41.00) 1
A2, E. Ionization ArCO.H, 509, aq. ethanol, 25° 42 +1.50 2,3,4
A.3. E. lonization 2-CH;ArCO.H, 509, aq. ethanol, 25° .33 +1.64 5
A4, E. lonization 2,6-diCH;ArCO.H, 509, aq. ethanol, 25° . +1.50° 6
A.5, E. Ionization ArCO:.H, 26.59% dioxane, H,0, 25° .45 +1.23 7
A6, E. Ionization ArCO.H, 43.5% dioxane, H,0O, 25° .48 +1.33 7
A.7. E. lonization ArCO,H, 73.5%, dioxane, H,O, 25° 46 +1.42 7
A.8. E. Ilonization ArCO.H, ethylene glycol, 25° 46 +1.32 7
A.9. E. Ionization ArCO,H, methanol, 25° .02 +1.55 7
A.10. E. Ionization ArCO.H, ethanol, 25° .61 +1.67 7
A.l1l. E. Ionization ArCO,H, 1-propanol, 25° 62 +1.65 7
A.12. E. Ionization ArCO:H, 1-butanol, 25° .62  41.56 7
A.13. E. lon-pair formation, ArCO;H with 1,3-diphenylguanidine, benzene,
25° .58 +2.24 8
A.14. R. ArCO.H with diphenyldiazomethane, ethaol, 30° .85 41.00 2,9
A.15. R. Saponification ArCO:Et, 609, aq. acetone, 25° .83 +2.33 2, 10
A.16. R. Saponification ArCO:Et, 889 aq. ethanol, 30° 41 +42.50 2, 10
A.17. R. Methoxide catalyzed irans esterification, ArCO,CyoH,g, methanol,
40° .43 +2.70 2
A.18. E. Ilonization, ArCH=CHCO.H, H,0, 25° .33 +40.47 2
A.19. R. Saponification ArCH=CHCO:Et, 889, aq. ethanol, 30° .33 =+1.29 2
A.20, E. lonization, ArC=CCQO,H, 359 aq. dioxane, 25° .38 +0.70 11
A.21., E. Ionization, ArC=CCO,H, 50% aq. ethanol, 25° .32 +0.65 12
A22, R, Acid-catalyzed hydrolysis, (ArC0O)0, 759, aq. dioxane, 58° .42 43.20 2
A.23. R. ArCO;H + HN,, trichloroethylene, 40° .. —2.2¢¢ 2
A.24. R. Saponification, 5 and 6-substituted phthalides, 159 aq. ethanol,
25° .32 +1.74 30
B. Miscellaneous reactivities
B.1. E. Ionization, ArCH,CO.H, H,0, 25° 0.50 40.46 2
B.2. R. Saponification ArCH;CO,Et, 889, aq. ethanol, 30° .. +1.00° 2
B.3. E. Ilonization, ArCH,CH;CO;H, H,0, 25° .60 40.24 2
B.4. R. Saponification. ArCH,CH,CQ;Et, 889, aq. ethanol, 30° .. +0.75" 2
B.5. E. Ionization, ArPO(OH), H,0, 25° .40 0.7 2
B.6. E. Ionization, ArPO(OH)™, H:0, 25° L40 +1.19 2
B.7. E. Ilonization, ArB(OH),, 259 aq. ethanol, 25° 44 4215 2
B.8. R. Acid-catalyzed hydrolysis, ArN=C=NAr, 75% aq. tetrahydro-
furan, 20° .33 —1.41 13
B.9. R. Solvolysis, ArSCH:C}, 509, aq. dioxane, 35° 25 —2.58 14
B.10. E ArnSeBr;, & AnSe + Br,, CCly, 25° .33 +1.96 2
B.1l. R. Chlorination. Al'CO@OCHa r Cl=> AI‘CO@OCH:s
Cl
999, aq. acetic acid, 20° .50 —-0.65 2
Me Me
B.12. R. ArCOCH,Br + s:Co e ArUOUHgS-(/_\\O" C B
I \;/
Me Me
benzene, 25° .50 +1.03 2
B.13. R. 2-NO;ArNHCOCH; 4+ MecO~ — CH;CO,Me 4+ 2NQO,~ArNH~
methanol, 65° — .45 +1.81 2
B.14. R. Saponification benzyl acetates, 609, aq. acetone, 25° 60 F0.75% 05
B.15. R. ArCHO + OH~ — ArCOO~ + ArCIi,0H, 509% aq. mectlianol, 100° .41 +3.06¢ 52
C. Nucleophilic reactivities
C.1. E.  Ionization, ArOH, H,0, 25° 0.41,0.07 +2.36 2,15, 16
C.2. E. louization, ArOH, 499, aq. ethanol, 22° .33, .10 +2.7 2
C.3. E. Ionization, ArOH, 959, aq. ethanol, 22° .40, .10 +2.90 2
C4. E. Ionization, ArSH, 489, aq. ethanol. 25° .50, .10 +4-2.70 2,150 17
C.5.  E. Ionization, ArSH, 959, aq. cthaol, 227 50, 10 4-2.91 2
C.6. R. Alkaline methylation, ArOH + CH;SO,~ — ArOCIH;, H,0, 100° 33 —0.66 2
C.7. R. Alkaline epoxide cleavage, ArOH -} CP{L_'/CI{2 — ArOCH,CH,01,
O

989, aq. ethanol, 70° .30 —-1.00 2
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TaBLE 11 (continued)

Alkaline hydrolysis, ArOSi(Et); — ArO~ + Et;SiOR, 519% aq.
ethanol, 25°

Ionization, ArNH,*, H.O, 25°

lonization, ArNH;*, 509, aq. EtOH, 25°

Ionization, ArNH;*, methanol, 25°

Ionization, ArNH;*, ethanol, 25°

Tonization, ArNH(CH;).*, av. of H,0, 20°, 25°, and 509 aq.
ethanol, 25°

Formolysis, ArNH,; + HCO.H = ArNHCHO, 669 aq. pyridine,
100°

ArNH; + CeHsNO — ArN=NCsH;, 949, aq. ethanol, 72.5°

ArNH, + C¢H,COCI — ArNHCOCHj;, benzene, 25°

NO;

H
ArNH,; + 2,4-diNO.CeH:C! — I ethanol, 100°
ArN NO,,

Tonization ArC—N(uBu).H™*, 509, aq. methauol, 25°
NH
D. Electroplilic reactivities

Ionization, Ar;:COH + H* = Ar;C*, aq. H,S0,, 25°

Tonization, azobenzene, 209 ethanol, H,SOq4, 25°

Solvolysis, ArC(CH;):Cl, 90% aq. acetone, 25°

Solvolysis, ArCH.OTs, 769 aq. acetone, 25°

Solvolysis, ArCH,Cl, 509, aq. acetone, 60°

Solvolysis, Ar(Ce¢H;)CHCY, ethanol, 25°

Solvolysis, Ar(CeHs):CCl, 609 ethyl ether—-409, ethanol, 60°

Beckmann rearrangement, Ar(CH;)C=NOH, 1,4-dichlorobutane,
70°

Brom :nolysis. ArB(OH),, 209, aq. acetic acid, 25°

Protonolysis, ArSi(CHj)s, aq. acetic acid, Hy SOy, 25°

Nitration, ArH, HNQ;j in acetic anhydride, 25°

Bromination, substituted mesitylenes and durenes, CH;N Oy, 30°

ArB(OH), + H,0; — ArOB(OH),, 259 aq. ethanol, 25°

Diazocoupling with 2.6-naphthylamine sulfonic acid, ArN;*, H,O,
20°

Solvolysis, ArCOCI, ethanol, 0°

ArCHO + HCN 22 ArC(OH)CXN, 959, aq. ethanol, 20°

ArCOCH; + H+* =2 ArCOHCH;+, aq. HySO,, 25°

ArN;* 4+ OH~ =2 ArN=N—0", H,0, 28°

E. Amphoteric reactivities

Ionization, <\—/I\"OH;, H,0, 25°

HgNC'=——I\' = ArNHC==N, ethylene glycol, 197°

N h
Ei/. Polarograplic oxidation, ArNH,, H,0, pH 7.0, 25°
Decomposition, ArN, ¥, H:0, 29°
ArN=NAr + C¢H;CO;H — ArllT:NAr, benzene, 25°

O
ArOSO:H + H,0+ — ArOH + H,S0,, H:0, 49°
ArC[=NC1 + OH~ —> ArC=N, 939, aq. ethauol, 0°

H
H O H

[l l [
ArCHO + H:NN—CNH; —» ArC=NN—CNH,, 75% aq.
ethauol

F. Radical reactivities
Decomposition, (ArCO).0,, dioxane, 80°
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TaBLE 11 (continued)

a ST Ref.?
F.2.  R. Chlorination, ArCH;, liquid hydrocarbons, 70°¢ .50 — .80 44
F.3. R. Decomposition, (ArCO}Q,, acetophenoue, 80° A8 - .54 2
F.4. R. Initiation of polymerization of styrene by (ArC0),0,, styrene, 60° .46 - .88 2
F.5. R. Free radical bromination, ArCH. with N-bromosuccinimide, CCl,,
80° .23 -1.51 49

¢ The symbol R designates data for a reaction rate process aud E designates an equilibritint process. Tlie basis for the
classification of reactivities in Table II is as follows: A. Benzoic reactivities: Ionization of ArCO,H and saponification rates
of the correspouding esters, including svstems in whicli tlie benzene ring is connected to the COsR group by an unsaturated
link, e.g., saponification rates of ArCH=CHCO,Et, or iontization of ArC=CCO,H. B. Miscellanneous reactivities: Reuactivi-
ties for which in general the #gP values for both — R and -+ R substituents are not enhanced in magnitude compared to tlie
values for corresponding substituents in A, C. Nucleophilic reactivities: Reactivities for whicl1 in general 4R substitu-
ents have grP-values which are enhanced in magnitude compared to tlie values for corresponding substituents in A,  D.
Electrophilic reactivities: Reactivities for which in general — R substituents have #gP values which are enlianced in magni-
tude compared to corresponding values in A, E. Amphoteric reactivities: Reactivities for wlich i1 general botlh —R
and + R substituents have #gP-values which are enhanced in magnitude (or are of opposite sign) compared to corresponding
valuesinA. F. Radicalreactivities: Self-descriptive. ? Tablereferencesare (1) to(52) below ratlier than those cited in the
text. ¢ pi-value assessed to be the sanie as for reaction A.2. ¢ py-value obtained as p™ based upon the procedure reconi-
ntended in this manuscript. ¢ pi-value taken as 1/2.5 py for reaction A.16: ¢f. ref. 4. All log (2/ks) have been adjusted
by —0.09. This intercept correction is required to give gr-values for NOs, Cl, CH; aud CH:O whicli are in good agrecment
with the corresponding values fron: reactions B.1, B.3 aud B.4. 7 py taken as p based on tle p-Cl substituent. 9 py-value
taken as p based upon the NO, substituent. » In volts.

(1) D. H. McDanieland H. C. Brown. J. Org. Chem., 23, 420 (1958),

(2) References to the criginal literature are given in H. H. Jaffé,
Chem. Revs., 83, 198 (1953).

(3) (a) J. D. Roberts, E. A, McElhill and R. Armstrong, THIS
Journar, 71, 2923 (1949); (b) J. D. Roberts, R, L. Webb and E. A,
McElhill, ¢bid., 72, 408 (1950); (c) J. D. Roberts and E. A, McElhill,
ibid., 72, 628 (1950); (d) J. D. Roberts and W, T, Moreland, ibid., 75,
2267 (1953).

(4) F. G. Bordwell and G. D. Cooper, tbid., T4, 1058 (1952).

(8) J. D. Roberts and J. A. Yancey, ¢bid., 73, 1012 (1951).

(6) J. D. Roberts and C. Regan, ibid., 76, 939 (1954),

(7) (a) J. H. Elliott and M. Kilpatrick, J. Phys, Chem., 48, 454
(1941); (b) J. H. Elliott, ¢bid., 46, 221 (1942); (c) M. Kilpatrick,
Chem. Rews., 30, 159 (1942); (d) M. Kilpatrick and R. D. Eanes, THIS
JourNaL, 65, 580 (1943).

(8) M. M, Davisand H. B. Hetzer, J. Res. Natl. Bur, Stand., 60, 569
(1958).

(9) R. A. Benkeser, C. E. Deboer, R. E, Robhinson and M. Sauve,
Turs Journatr, 78, 682 (1956).

(10) J. D. Roberts and C. M. Regan, ibid., 75, 4102 (1053;.

(11) M, S, Newman and 8. H. Merrill, 1bid., 77, 5552 (1955).

(12) 1. Benghiat and E. 1. Becker, J. Org. Chem,, 28, 885 (1958).

(13) V. 8. Hunig, Ann., §79, 87 (1953).

(14) F. Bordwell, G, D. Cooper and H. Morita, Tuis Jour~ar, 79,
378 (1957).

(15) (a) ¥. G. Bordwell and P. }. Boutan, bid., 78, 854 (1956); ib)
79, 719 (1857).

(16) F. Fieffer and P. Rumpf, Compi. rend., 238, 360 (1954).

(17) F. G. Bordwell and H. M. Andersen, TH1S JoUrNaL, 75, 6019
$1953).

(18) E. Akerman, Acia Chem. Scand.. 11, 373 (1937).

(19) G. M. Bennett, G, L. Brooks and S. Glasstone, J. Chem. Soc.,
1821 (1935).

(20) R. A. Benkeser and H. R, Krysiak, TH1s JourNaL, 75, 2421
(1953).

(21) G. Baddeley, }. Chadwick and H. T, Taylor, J. Chem. Sic,,
24035 (1954).

(22) von A. V. Willl, Hely, Chim. Ac(a, 40, 2032 (1957).

{23) Y. Ogata and Y. Takogi, THIis JourNaL, 80, 3591 (1938).

{24) (a) N, C. Deno and W. L. Evans, ibid., 79, 5804 (1957); N.C.
Deno and A. Schriesheim, 4bid., 77, 3051 (1955).

(23) H. H, Jaffé and R. W. Gardner, ¢bid., 80, 319 (1938).

{26) (a) H. C. Brown and Y, Okamoto, sbid., 79, 1913 (1957); (b)
H. C. Brown, Y. Okamoto and T. Irukai, ¢bid., 80, 4964 (1938).

(27) (a) J. K. Kochi and G. S. Hammond, 7bid., 75, 3445 {1933);
(b) I°’. T. Fang, J. K. Kochi and G. 8. Hammond, ¢bid., 80, 563 (1958).

{28) J. Packer, J. Vaughan and A, F. Wilson, J. Org. Chem., 28, 1215
(1958).

{20) R. Huisgen, J. Witte, H. Walz and W. Jira. Ann., 604, 101
(1857).

(30) (a) H. G. Kuivila and A. R, Hendrickson, THIS JoURNAL, T4,
5068 (1932); (b) H. G. Kuivila and 1.. E. Benjamin, #hid.. T7, 4834
(1935).

(31) (a) C. Eaborn, J. Chem. Soc., 4858 (1956);
published results.

(32) J. D. Roberts, J. K. Sanford, F. L. J. Sixma, J. Cerfontain and
R. Zogt, Tus JourNaL, 76, 4525 (1954).

(h) C. Eaburn, un-

which sufficient information exists to make reliable
separations, have been analvzed for &r-values.
The results show clearly the anticipated result that in
general no common scale of resonance effects exists
which is as nearly independent of reaction type and
conditions as is the a1 scale of inductive effects.** 572021
In fact numerous examples are obtained which
show a high degree of specificity of the resonance
effects to reaction type and conditions. In other
words, precise linear correlations between R-values
are nwuch more dependent upon reaction type and
conditions than are the correlationus of /-values by
equation 1.

(33) (a) E. D. Hughes, C. K. Ingold and R. I. Reed, J. Chem. So:.,
2400 (1950); (b) E. D. Hughes, H. Cohn, M. H. Jones and M. C.
Peeling, Nature, 169, 291 (1952).

(34) P. B. D, dela Mare and M, Hassan, J. Che. Suc., 3004 (1957).

(35) (a) G. Mluminati, THrs JourNaL, 80, 4941, 4945 (1938); (b)
G. Mlumnati and G. Marino, ¢bid., 78, 4975 (1936).

(36) H. G. Kuivila and A. G, Armour, ibid., 79, 5639 (1935).

(37) H. Zollinger, Hely, Chim. Acta, 36, 1730 (1953).
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(39) H. H. Jaffé and G, O. Doak, TH1s JournaL, 77, 4441 (1935),

(40) J. N. Gardner and A. Katritzky, J. Chem. Soc., 4373 (1937).

{41 R. A, Henry, W. (5. Flunegan and E. Liebler, THIS JoURNAL,
76, 88 (1954).

(42) 1. R. Fox, R, W. Taft, Jr., aud J. M. Sclhiempf, unpublishied re-
sults.

(43) M. L. Crossley, R, H. Kienle and C. H. Beubrook, Tuis JoI'r-
NaAlL, 62, 1400 (1940},

(44) C. Walling and B. Miller, ibid., 79, 4181 /11575,

(45> 1. Vandenbelt, C. Henrich and 8. Vaudenberg, -1:aas. ¢ om 26,
26 (1054).

{46) R. Stewart and K. Yates, Tnrs JourNaL, 80, 0355 (105%).

(47) E. S. Lewis and H. Suhr, Chem. Ber,, 91, 2350 (1958).
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49 A, P, Bickel, E. C. Kooyman, R, van Helden, Knoskl, Nrd.
Akud. Witenschap, Proc., 568, 73 (1953); Chen. Zentr,, 1256, 16 (1154),
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(20) Reference 12, pp. 246~257, 416~419.
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ibid., 4941, 4945 (1958). NOTE ADDED IN PROOF.—(c) After cunple
tion of this manuscript, Prof. B. M. Wepster kindly sent us the manu-
script of a paper by himself and H. Van Bekkum aud P. 13 Verkade
in which a direct re-examination of the Hammetl eqnution hias beeu
carried out. The results of their analvses are essentially equivalent
in most respecls with those given here.
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TABLE II1
RAaNGES OF FrP2™ VALUEs

Reactivity

class subst. A. Benzoic B. Miscellaneous C. Nucleophilic D. Electrophilic E. Ampboteric ¥, Radical
NMe: -0.82 -0.97 -0.22 to —0.36 -1.38 +4.6 to =155
NH: - .46to — .90 - .24 to —-0.78 - .54 —-1.30to —1.50 —0.87 to =2.12
NHCOCH: - .28to — .38 - .30 -1.12
OH - .39 to — .63 — .37to — .38 - .52 —-0.94to —1.11 —0.98
OCH, — .40 to — .64 - .30 to — .60 - .34to — .57 — .64 to —-2.14 +1.25 to ~1.20 —-0.73to —1.30
SCH3 - .25to — .31 -~ .04 to — .18 - .39 to —0.92 -1.27
F — .35to — .46 — 37to — .45 — . H4to - .51 — 40to— .70 —0.40to —0.3¥ —0.38
Cl1 - .18 to — .29 - .17to — .26 - 17to — .28 - .26 to — .10 + .18 t0 — .30 — .30 to —0.3%
Br - .15to — .24 - .14 to — .25 - 16 to — .23 - .21to — .35 - 24to — .49 - .30 to - .31
1 - .11to — .16 — 1lto — .14 — .06to — .15 - .186to — .34 - .48 - .25
CHs - .05to — .15 — .08to — .15 = .05to -~ .15 =— .1Tto— .59 + .33to— .34 — .17to — .21
CsHs - .08to — .11 - .01 + .02to + .09 — .20 to — .47 + .21 - .18to — .35
MesSi + .05to + .14 + .20to + .23 “+ .14
CF; + .02to + .13 + .28to + .31 -+ .20
CN - .0l to + .16 + 04to + .20 + .25 to + .41 “+ .05to — .14 - .09 + .03ty — .25
CO:R + .13 + . 12to + .15 + 19 to + .44 + 09 to + .31 -~ .04 to + .30
S0:CH; + .13 to - .18 + .16to + .01
CHiCO + .22 + .35to + .38 - .30
NO: 4+ .06to 4+ .23 4+ .0dto+ .23 4+ .27to+ .67 -+ .09to-+ .2 -+ .35to — .30 — .bdte +-1.13
02N /H

>C=C\ - .11 + .43

H

TaBLE IV
RANGES OF GrR™®™ VALUES

Reactivity

type subst. A. Benzoic B. Miscellaneous C. Nucleophilic D. Electrophilic E. Amphoteric ¥. Radical
N'Me; —0.25 to —0.26 —0.06 to —0.16
NH, — .20to — .26 —0.07to —0.18 — .06 —0.29 to —0.75
NHCOCH:;: — 04to — .13 - 45
OH - .10to — .35 =— .15to — .18 — .08to — .14
OCH; - 17to — .22 -~ .16to — .28 — .14to — .21 —0.16to —0.28 — .16t0 — .44 =—0.17to —0.61
SCH; - .10to — .13 - 02to — .06 — .07to — .08 — .22
F - 15to— .25 — .15to— .20 — .1l1to— .21 — .09to — .17 — .1lto — .16 — .19
Cl - .08to — .17 4+ .08to — .17 — .05to — .16 + .0lto — .14 .00to — .33 — .l4to — .19
Br — 04to — .18 -+ .08to — .18 00to — .09 -+ .03to— .11 — .04to — .20 — .0ito— .15
1 — .0lto — .09 + .02to— .07 + .03to — .05 -+ .02to — .07 — .20 - .06
CHs + .04to—- .09 + O0lto— .09 -+ .03to— .05 -+ .03to — .09 + .04to— .17 + .00to — .10
CsHa — .04 + .0lto+ .05 + .01to+ .02 — .19 - .16
MesSi — .06to + .13 + .05to+ .11 4+ .13
CFs + .0lto + .05 - 03to+ .13 4+ .03to+ .16 -+ .00
cN - .02to + .09 + .06to+ .09 + .03to+ .11 - .04to + .OA
CO:R + .05to+ .06 + .07to+ .08 — .02to+ .05 -+ .0lto-+ .10 .00 to + .03
S0:CHs + .0lto+ .08 + .08to + .11
CHi)CO + .08to+ .10 + .06 + .03to + .09 4+ .05 + 02to+ .10
NO; + .04to + 12—~ .02to+ .11 + .03to+ .14 + .03to+ .14 — .03to+ .09 —0.33to + .51
O:N. /H

>C=C\ - .05 + .01

H

Table III lists the ranges of values of gr for p-
substituents according to the six qualitative reactiv-
ity categories into which the eighty-eight reaction
series have been assigned in Table II (the assign-
ment has been made both on the basis of reaction
type and sr-values (¢f. footnote a of Table II).
Table IV lists corresponding results for m-substit-
uents. A range limited to about 0.10 ¢ unit may
be considered excellent for a sharply defined &r-
value (the “aromatic” or-values calculated from
the data for each reaction series fall into this cate-
gory; cf. Table I).

The results of Table III show that no p-substit-
uent gives gr-values which are limited to such a
range in all known reactivities. Several examples
are provided for which the sign of the #rP-value de-
pends upon reaction type. The resonance parame-
ters for m-substituents conform much more
closely to “immutable’ behavior as shown in Table
IV. However, even for m-substituents a number
of examples are available for which r™ values cover
at least a threefold variation (¢f. NMe,, NH,,

OCHj;) and, in the case of meta CN and NO; sub-
stituents, the gr-values for some radical reactivities
are of opposite sign to those for ionic reactions.

The results shown in Tables III and IV pose the
question as to whether there exists a limited scale
of resonance effects of sufficient precision and gen-
erality to be useful for prediction and correlation of
well defined reactivities. The wide success of the
Hammett equation implies that such a scale does
exist. Taft has proposed!!.®® a or-scale of reso-
nance effects obtained as or = ¢ — o1. The initial
values of or which were assigned to a number of
substituents were based upon the o-values listed by
Hammett® or by Jaffé.6 More recent values have
been obtained from average o-values based solely
upon data for the ionization of benzoic acids in wa-
ter and for the saponification rates of benzoates in
aqueous acetone and aqueous ethanol.?

The #r-values obtained in the present investiga-
tion disclose highly general and precise norms for a

(22) R. W. Taft, Jr.,, N. C. Deno and P. S, Skell, Azal. Rev. Phys.
Chem., 9, 2902 (1958).
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TABLE V
oR™ AND o™ VALUES
Sub- — n
stituent oR™ S om A B C D E F 7y % Exelusions
OCH; —0.19 0.03 +0.10° 13 3 9 8 5 1 46 85 B-3, D-§, E-3, E-4, F-1, F-3, I'-4
+ .06
F — .17 .03 4+ .35 12 6 6 3 1 35 94 A-12, D4
Cl1 - .10 .03+ .37 19 9 18 14 4 3 74 91 B-13, D-4, D-5, E-2, E-8, F-1, A-23
Br - .07 .03+ .38 15 6 9 11 2 2 52 87 A-3, B-12, B-13, D-5, E-4, I'-4, A-23
I - .04 08 4 .35 14 2 5 7 0 1 35 83 B-§ C-3, C-5 D-5, E-3, B-14
Cl, - .02 .03 - .07 21 8 16 1l 5 3 72 96 E-3, E-4.F-4
H .00 .00 24 15 18 18 8 5 8 100
CH;CO + .06 03 4 .34 2 1 6 1 2 0 12 100 XNone
NO; + .07 .03 + .70 23 7 12 9 6 1 65 89 A-3, B-13, D-11, D-16, E-3, -3, I-4

¢ Value for pure aqueous solutions, ¢f. footiote 12,

® Value for non-aqueous solutions, ¢f. footuote 12.

TABLE VI
APPARENT or™ AND o™ VALUES

Substituent or™ N om A B
SOCH; +0.00 0.02 +0.53 3 0
CTs + .01 .02 + .42 3 0
CN + .04 .04 + .62 8 0
CO:R + .04 .04 + .36 3 2
S0O.CH; + .07 .03 + .66 3 0

select number of m-substituents. At least 839,
of all of the available gr™-values for these substit-
uents define norms which are in each case precise to
a standard error of +£0.03 unit. In addition these
norms are defined by gr™-values from at least five
of the six reactivity categories. We believe that
this uniform high precision (closely similar to that
for the o1-scale) and general applicability (enor-
mous reactivity ranges and experimental conditions
are enicompassed) is significant and that it affords a
sufficiently critical criterion for defining a useful gr-
scale of resonance effects.

The results for the select group of m-substituents
are summarized in Table V which lists mean values
(based upon at least twelve gr™-values) as or™.
The corresponding Hammett o-value derived from
the value of gr™ (¢™ = or™ + ¢1) is also given.
In no case are these s-values different from those
originally assigned by Hammett by more than the
standard error. This result indicates that p= =
p1 to a precision satisfactory for the ow-scale (cf. fur-
ther discussion in section on recommended proce-
dure). Further listed in Table V are the number of
values, 7, on which the or™-value is based in each
reactivity category. the total number, #:, of Gr-
values available for the given substituent, the per-
centage of the total, on which the mean value is
based, and a listing of the specific sr-values which
do not conform to the mean (deviation from aver-
age = =0.082%).

Many of the relatively few excluded values of
Table V probably arise from random experimental
errors. However, some trends are apparent which
are undoubtedly real. Thus several of the avail-
able gr™-values for the OCH; and NO, groups from
radical reactivities (F) deviate substantially from
the gr™-value. The large deviations of the CH;0

(23) For a quantity having a standard error of 0.03 (based upon at
least thirty samples) the odds against a deviation of 0.08 (or greater)
are approximately 150 {(or greater) to 1. We believe that our results

indicate that such odds serve as a realistic {(but arbitrary) basis for
exclusion of individual gr-values from the oRr-scale,

Cc D E F ny A Ixclusions
1 0 0 0 4 100 Noue

1 1 1 0 8 80 C-13, D-3
2 3 0 2 17 89 A-23, F¥-2
7 5 2 0 20 95 -4

3 0 0 0 6 100 None

and CHj; groups in reaction series E-4 and E-5 may
be associated with the fact that pheny! cation reac-
tivities are involved.

Within the precision herein established for the or-
scale, no or™-value can be given for the NH, or the
N(CH;); (also apparently for the SCH;) groups
which has a high degree of generality outside of
benzoic reactivities (A). Limited to such reactivi-
ties, very precise norms exist for these groups which
are widely independent of reaction conditions (for
NH; av. gr™ = —0.24, S = £0.02, » = 9; for
N(CHj;); av. 6r™ = —0.25, S = 0.00, » = 3; for
SCH; av. gr™ = —0.12, S = +£0.02,n = 3; cor-
responding o= values are: —0.14, —0.15 and
+0.13. respectively). The very strong depend-
ence of gr-values for meta and para NHy; and N-
(CHj), groups on reactivity type and conditions is
discussed in detail in a subsequent paper.!!

The sr™-values for the OH group are strongly
solvent dependent® even when limited to benzoic
reactivities (A) and no or-value can be given (in
keeping with the precision criterion) for this sub-
stituent.

While there is some likelihood that a or-scale is
justified for the m-substituents, CF;, CN, CO:R,
SOCH; and SO.CHj, insufficient data are presently
available to define norms of the samne precision and
generality as that established in Table V. Table VI
lists as apparent gr™-values the mean values ob-
tained for these groups.

If the same high standards are imposed as a cri-
terion for a or-scale for p-substituents, then there
exists no p-substituent capable of meeting these re-
quirements, and in this sense, no or-scale of reso-
nance effects is justified for p-substituents. Thus
or-values previously listed?? for p-substituents have
been premature from the standpoint of precise gen-
eral applicability and must be regarded as mean
orP-values for the reaction series on which they are
based.

If certain reasonably definite restrictions are
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imposed, or-values for a number of p-substituents
do define mean values of the desired precision which
possess appreciable generality.!' Practical cate-
gorization of grP-values is sometimes achieved by
appropriate consideration of reactivity type or of
the solvent.'l.?* Improvement in the definitions
of reactivity categories necessarily awaits further
experimental results and a further understanding
of R-values or gr-parameters.

As illustrated by the ranges of srP-values of Ta-
ble IV there is little cause for optimism that a single
value of ¢+ or ¢~ will suffice for the precise descrip-
tion of broad ranges of reactivity in electrophilic
and nucleophilic reactivities, respectively. On the
other hand, one may be hopeful of eventually
achieving sufficiently well defined categories to
make precise predictions and correlations.

No reaction series are included in Table IT which
differ from those listed solely by variation in tem-
perature. The effect of temperature is of much
interest and we have accordingly examined the
effect of this variable separately. It isunfortunate
that few reaction series with the data required to
achieve I 4 R separations have been studied for a
temperature interval of at least twenty degrees.
As a consequence, little additional can be added to
previous discussions of the effect of temperature
and the Hammett equation.’$-% The following
reaction series give gr-values which are in every
instance temperature independent (for the tem-
perature range indicated) within +=0.04 unit: A-15
(273-313°K.); A-17 (303-323°K.); B-14 (273-
313°K.); C-15 (313-346°K.); C-16 (298-343°K.);
A-22 (331-353°K.). In addition, the pr-values in
every instance are inversely proportional to the
absolute temperatures within their precision. The
same results are obtained for reactions D-3 (273—
328°K.) and D-5 (303-333°K.) except that varia-
tions of sr-values by as much as =0.08 unit are
noted in a few instances.

Conclusions.—The generality and relative high
precision of the or-scale for the select group of m-
substituents (Table V and VI) may be attributed
to the fact that there is no appreciable direct delo-
calization of charge from the m-position.!! Conse-
quently, the resonance interaction of the m-sub-
stituent with the aromatic system is not readily
affected by the functional group. Despite the fact
that no appreciable direct resonance interaction is
involved, the gr™-values in general are finite reso-
nance parameters because of the partial inductive
transmission to the reaction center of the charge de-
veloped at the o- and p-positions by the resonance
interaction of the m-substituent. This second-
order mesomeric action is schematically illustrated
by the arrow in the following v. b. resonance form
(X = m-substituent; Y = reaction center)

The high degree of independence of the gr™-val-
ues on reactivity type and conditions implies that
the fractional contribution to the resonance hy-

(24) Paper VII of this series, in preparation.
(25) ]. Leffler, J. Org. Chem., 20, 1202 (1955).
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brid of resonance forms such as that given above is
to a good approximation widely independent of the
nature of the solvent and of the functional group, Y.
The limitation of the or-scale to certain selected m-
substituents, however, indicates that the order of
electron release by resonance interaction with the
benzene ring can be effected for certain substitu-
ents (NH, and SCH,;, for example) by strongly
polarizing functional groups.!1.2.%

It is worthy of note in concluding the present dis-
cussion that the classification of reactivity effects
according to the inductive or resonance categories
depends upon the arbitrarily selected cite of refer-
ence in the molecule.® With respect to the Ar-Y
bond, the effect under discussion above is classified
as an inductive effect. However, with respect to
the Ar-X bond, it must be classified as a resonance
effect. It is the latter classification which has
been adopted throughout the present paper in
referring to the resonance effect (R-value). The
effect of the resonance interaction of m- (and cer-
tain p-) substituents, for which the above dual
classification is applicable, has been termed a reso-
nance polar effect.?

A Recommended Procedure.—On the basis of
present findings, the following procedure is recom-
mended for thorough and precise investigations of
the effects of m- and p-substituents on the reac-
tivity of benzene derivatives. To establish the
value of p1(= p) it is essential to determine log
(k/ky) values for the m-substituents of Tables V and
VI (a minimum of hydrogen and four substituents
covering the maximum possible range in o-values).
This procedure may be considered to give a reliable
value of pr = p if the o-values calculated for these
substituents from best fit of the experimental log
(k/ky) values to the Hammett plot agree with the
Hammett o-values (Table V) within #£0.07 unit
and the standard error is not greater than £0.03.
p-Substituents which follow the o—p relationship
within this precision may now be included (for ap-
propriate systems, ¢%values which are defined and
discussed in the following paper!! should be used).
In no case should the p1 = p value be based upon
m- or p-substituents for which the calculated o-
values (using the pr = p value based upon the ap-
propriate m-substituents only) deviate from the
Hammett o-values (Tables V and VI or ref, 17) by
more than this limit. The present work has re-
peatedly disclosed that important and significant
specific resonance effects of m- and especially of p-
substituents are overlooked if such a procedure is
not followed.11.2¢

In the event that the data for the select group of
m-substituents do not meet the precision require-
ments given above, one may resort to equation 5
for the determination of the valueof pr = p. In any
event, it is desirable to establish by this equation
that the linear inductive energy relationship, 7 =
a1pr, is of satisfactory precision. The value of pr
obtained by equation 5 also serves as a consistencv
check on the value obtained by the above procedure.

Data for p-substituents (as well as any m-sub-
stituents) which do not meet the above precision

(26) Reference 8, p. 231,
(27) P. L. Corio and B. P. Dailey, Tr1s JoUrNAL, T8, 3043 (1956),
(28) Reference 14, p. 570,
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requirements should be analyzed by calculation of
R and sr-values (R = log (k/ky) — o1p; 6rR =
R/p). Correlation of these resonance parameters
with corresponding values for potentially similar
reaction processes may then be attempted. Several
alternate (but not necessarily equivalent) proce-
dures may be used in attempting these correlations,
The values of gr for the reaction series of interest
may be compared directly with corresponding &r-
values for reaction series which are expected to be
of the same reactivity category. If the valuesagree
for a wide variety of substituents for two or more
pairs of reaction series within the precision indi-
cated above, a precise correlation of the unique reso-
nance effects is demonstrated. Alternately, the
corresponding values of R in two reaction series may
be plotted one vs. the other to determine if a precise
correlation of the resonance effects exists. Finally,
if the reaction series of interest is expected by its
nature to show resonance effects closely related to
those for a limited reactivity category which has
been previously demonstrated to show (within
the category) generalized resonance effects which
are precisely correlated by a characteristic set of
resonance parameters (as, for example, the ogr’-
values discussed in paper VI),!! a plot of the R val-
ues vs. these resonance parameters (or?, for ex-

R. W. TaFT, Jr,, S. EBRENSON, [. C. LEwis anxp R. E. GLick
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ample) may be made. A satisfactorily precise
correlation should be judged by the same precision
criterion given above for ¢®-values. Examples of
the utility of plots of R-values vs. gr’-parameters
are discussed in paper VI of this series.!!

The establishment of precise linear correlations
between unique resonance effects in closely related
reactivities offers a major tool in the determination
of the properties of transition states in reaction
mechanism studies. Similar correlations for equi-
libria provide valuable information on the nature
of resonance interactions. It is the very appreci-
able dependence of the precise order of resonance
effects of substituents on the reactivity type and
conditions which makes these correlations of espe-
cial utility.

The modification we here propose is in no way
intended to discredit the many useful purposes for
which the original form of the Hammett equation
serves quite adequately.®%!* Our purpose is to
provide a soundly based procedure which may be
used by investigators whose intent is to obtain a
more intimate understanding of the effects of struc-
ture on reactivity than is permitted by the rela-
tionship in its original form.

UNIVERSITY PARK, PENNA.
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Evaluation of Resonance Effects on Reactivity by Application of the Linear Inductive
Energy Relationship.”? VI. Concerning the Effects of Polarization and Conjugation on
the Mesomeric Order

By RoBERT W. TAFT, Jr.,? STANTON EHRENSON,* IRWIN C. LEwIs AND R1cHARD E. GLICK
RECEIVED APRIL 16, 1959

Results from reactivity analysis are reported whiclt show tlie quantitative mesomeric order of — R substituents in benzeue
derivatives can be strongly affected by polarization by the functional group. By consideration of resonance effects (R-
values) of —R p-substituents in reactivities in which conjugation with and/or strong polarization by the reaction center is
precluded in either state of the reactivity, a precise quantitative scale of the power of niesomeric charge delocalization by
— R substituents is derived. Evidence is presented indicating that so long as the basic requirements for applicabiht.y of this
orY scale are met, the scale holds widely independent of reaction type or conditions. By means of tlie ogr° sgale it is shown
thiat the effects of p-substituents, such as NH,, OCHj, ete., on the ionization of agqueous benzoic acids include important elec-
tromeric contributions. The difference sg? — ox? (where gr? is the specific resonance parameter for the ionizatiou of ben-
zoic acids in water) is the contribution to the Huinmett o-value resulting from the isovalent conjugation (canonical) form:

o-
/ .

LXQC\ . The shielding parameters (chemical shifts) for an extensive series of m- and p-substituents
OH

in the n.m.r. spectra of fluorobenzenes in dilute carbon tetrachloride solution have been determined. The results cor.respopd
closely to those obtained originally by Gutowsky in mixed liquid fluorocarbons. For m-substitueuts, the relationship,
8m® = 0.61 oy —0.05, is followed to high precision (av. dev. = =£0.033). para — R substituents follow the relationship,
8pF = 0.90 ¢y +3.06 ¢r® —0.08, to tlie same precisionn. The latter correlation corroborates the conclusions reache.d concern-
ing the ox® scale of resonance effects. para 4R substituents give §,F values witl enhanced resonance contributions whicl
are solvent dependent. Application of the or% scale for estimation of special resonance aud polarization effects in reactivities
and plivsical properties is illustrated.

In previous papers of this series it has been shown
that the effects of uncharged m- and p-substituents

(1) This work was supported in part by the Office of Naval Research,
Project NR055-328. Reproduction in whole or in part is permitted
for any purpose of the United States Government,

(2) Paper V, R, W. Taft, Jr, and I. C. Lewis, THIs JourNaL, 81,
5343 (1959), Paper V should be consulted for references to the
earlier literature.

(3) (a) Alfred P. Sloan Fellow, 1955~1957; (b) John Simon Guggen-
heim Fellow, Harvard University, Fall term, 1958,

(4) Alfred P, Sloan Postdoctoral Fellow, 1956—1958.

on the reactivities (log (k/ks) values) of benzene
derivatives may be treated as the sum of inductive
and resonance parameters, J and R values, respec
tively.? The 7-values follow with great generality
and relatively high precision the Hammett-like lin-
ear inductive energy relationship,” I = e1p (the p
value used throughout the present papers refers to
that obtained by the procedure proposed in ref. 2).

(6) R. W. Taft, Jr,, and I. C. Lewis, THIS JourNaAL, 80, 2436 (1958).



